Abstract Unhydrolyzed prolyl hydroxyproline (Pro-Hyp) and total 4-hydroxyproline (Hyp) in urine have been suggested as disease biomarkers for bone turnover and osteoporosis. Here, a rapid method was developed to accurately and selectively determine free prolyl compounds in unhydrolyzed urine samples. Urine samples were treated with o-phthalaldehyde to block primary amines followed by selective fluorogenic derivatization of secondary amines using 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) at room temperature. The derivatized mixture was then directly analyzed and quantitated on a flowgated capillary electrophoresis system. Six prolyl compounds: Pro-Hyp, Pro-Pro, Pro-Gly, Pro-Leu, Hyp, and Pro in unhydrolyzed urine samples were separated in 30 s, which was > 60-fold faster than the reported HPLC method, using the separation buffer (pH 9.2) composed of tetraborate, cholate, and deoxycholate at 40 mM each. The limits of detection were~20 nM for the dipeptides and~60 nM for Hyp and Pro. The levels of these prolyl compounds in fresh urine samples were determined by using the one-point standard addition method with nipecotic acid as the internal standard. The present protocol was significantly simplified compared with reported techniques, which could improve accuracy and analytical speed. This method is potentially useful in the determination of prolyl dipeptides and Hyp in biological fluids.
Introduction
Collagen is the most abundant protein that takes about 30% of the total proteins in the human body [1] . Collagen plays major roles in maintaining the integrity, strength, and structure of organs. This function heavily depends on the triple helical characteristics of collagen, in which three alpha peptide chains twist together to form triple helices [2] . In this process, the triad of amino acids, x-y-Gly, is essential for the twisting. The x-and y-positions are usually occupied by proline (Pro) and 4-hydroxyproline (Hyp), respectively [3] [4] [5] . Correspondingly, the degradation of collagen produces small prolyl peptides, Pro, and Hyp that are secreted to the bloodstream and urine [6] , and the levels of the dipeptide Pro-Hyp and/or total Hyp in blood plasma or urine are suggested as the biomarkers for bone turnover, osteoporosis, Paget's disease, and other collagen-related diseases [7] [8] [9] [10] [11] . Therefore, rapid and reliable measurements of these markers are valuable for disease diagnosis and nutritional investigation.
Available methods used for the measurement of prolyl dipeptides mainly rely on HPLC coupled with various detection methods including mass spectrometry (MS) and laser-induced fluorescence (LIF) detection [12, 13] . For instance, Codini et al. [14] reported an HPLC method using 4-chloro-7-nitrofurazan for fluorogenic derivatization in 1991; Inoue et al. [15] developed an HPLCba sed t ec hniq ue by us i ng 4-(5 ,6-dimetho xy-2-phthalimidinyl)-2-meothoxyphenylsulfonul chloride (DMS-Cl) for fluorescent labeling; and Sugihara et al. used LC-MS to detect Pro-Hyp and Hyp-Gly [16] . Alternatively, micellar electrokinetic chromatography (MEKC), one mode of capillary electrophoresis (CE), has been used to determine total Pro and Hyp after acid hydrolysis [17] [18] [19] [20] ; however, no reports about the separation of prolyl dipeptides using CE are observed. Moreover, these methods often require complicated sample preparation and derivatization procedures, which prevent analytical speed and may cause analyte loss. Specifically, the cleanup step was often required after the primary amine blocking with o-phthalaldehyde (OPA) for unhydrolyzed samples [8, 15, 21] , and the fluorogenic derivatization usually took a long time to complete.
It is well-known that CE is tolerant to the complexity of sample matrices [22, 23] ; a narrow-bore capillary such as 10 or 5 μm in diameter favors rapid separations of complex samples [24, 25] ; and flow-gated CE is an appropriate configuration to accommodate a narrow-bore capillary coupled with sensitive laser-induced fluorescence (LIF) detection using an oil-immersion objective or a sheath flow cuvette [25, 26] . Flow-gated CE uses a silica capillary as the separation channel while taking the format of a singlecross microchip, which is suitable for rapid flow-gated injection [27] . In addition, flow-gated CE has additional advantages including replaceable separation capillaries, fresh separation buffer, and the ease of coupling with sample preparation units [28, 29] .
However, the LIF detection often requires derivatization of analytes before or after separations [30] . 4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) is a popular fluorogenic derivatization reagent for primary and secondary amines [25, 31] . The derivatization has fast kinetics, and their NBD-F derivatives have the optimal excitation wavelengths around 470 nm which is compatible with popular 488-nm lasers [32] . In addition, the electropherograms or chromatograms are clean except the hydrolyzed products. Therefore, NBD-F has been widely used for amine detection [33] [34] [35] [36] , and NBD-F has also been used to fluorogenically derivatize secondary amines of Pro and Hyp separated by HPLC or MEKC [17, 37, 38] .
Here, we report a significantly simplified protocol to rapidly determine free prolyl dipeptides, Pro, and Hyp in unhydrolyzed urine using flow-gated CE coupled with LIF detection. Urine samples were first treated with OPA to block primary amines; NBD-F was then added to the mixture for fluorogenic derivatization of prolyl compounds at room temperature; and the derivatized mixture was directly analyzed on the flow-gated CE system. The method and the platform were finally applied to the quantitation of prolyl compounds in fresh urine samples.
Materials and methods

Chemicals and solutions
Sodium tetraborate, sodium carbonate, concentrated hydrochloric acid, sodium cholate, sodium deoxycholate, nipecotic acid, trans-4-hydroxyproline (Hyp), proline, and other amino acids were ordered from Sigma (St. Louis, MO, USA). Dipeptides including Pro-Hyp, Pro-Pro, Pro-Gly, and ProLeu were ordered from Bachem Americas, Inc. (Torrance, CA, USA). NBD-F was ordered from TCI America (Portland, OR, USA). o-Phthalaldehyde (OPA) was purchased from MP Biomedicals (OH, USA). Dimethylformamide (DMF) and tetrasodium salt of ethylenediaminetetraacetic acid (EDTA) were purchased from Fisher Scientific (Chicago, IL, USA).
The OPA solution at 100.0 mM was prepared in 10-mM tetraborate buffer (pH 9.2) plus 10% (v/v) methanol on the weekly basis. The stock solutions of amino acids (10 mM), dipeptides (2.0 mM), and tetraborate buffer (pH 9.2) at 100 mM were respectively prepared in deionized (DI) water. EDTA at 100 mM was prepared in 50-mM tetraborate at pH 9.2. Standard samples were prepared by mixing appropriate volumes of their stock solutions to achieve final concentrations.
Instrumentation and experimental conditions
The custom-built detection system has been described elsewhere [30] . Briefly, a 491-nm laser purchased from Cobolt Inc. (San Jose, CA, USA) was used for excitation after filtering through an interference bandpass filter at 492 ± 5 nm. The fluorescence was collected at 520 ± 18 nm filtered through a bandpass filter. A 100× oil-immersion objective was used for laser beam focusing and fluorescence collection. A photomultiplier tube (PMT) was used to record fluorescence signals that were then pre-amplified and then converted to voltages by an SR570 current preamplifier. Voltage signals were finally recorded by a LabVIEW program.
The flow-gated capillary electrophoresis system was interconnected with polydimethylsiloxane (PDMS) interfaces including a flow gate and tubing connectors as described in the reference [29] . Fused silica capillaries were purchased from Polymicro Technologies (Phoenix, AZ, USA). The separation capillary was 10.0 cm in effective length and 17.0 cm in total, 10 μm in inside diameter, and 360 μm in outside diameter. The inlet side of the separation capillary was grounded while the outlet side was applied with a negative high voltage through a high-voltage power supply (Model CZE1000R) purchased from Spellman High Voltage Electronics Corporation (Hauppauge, NY, USA). The gating flow of the background electrolytes (BGE) was controlled with a threeway solenoid pinch valve purchased from Cole-Parmer (Vernon Hills, IL, USA). To perform flow-gated injection, the gating flow paused and the sample flow filled up the capillary gap followed by applying a voltage across the separation capillary for injection. This process was automatically controlled by a LabVIEW program. If not otherwise stated, electrokinetic injections were performed at a voltage of − 5 kV for 0.3 s and separations were carried out using a voltage of − 25 kV at room temperature.
Experimental procedure
Urine samples were collected in vials from healthy volunteers (male, 25-35 years old) and analyzed immediately. For analysis, 5.0-μL EDTA (100 mM in 100-mM tetraborate) was added to 20.0-μL urine followed by adding 5.0-μL nipecotic acid as the internal standard (IS) and 10.0-μL OPA. For standard additions, standard analytes were mixed with 20.0-μL urine first. Each mixture was cured at 50°C for 3.0 min to block primary amines with OPA. Finally, 5.0-μL NBD-F was added to the mixture, and the total final volume was 50.0 μL. The derivatization mixture was then stored at room temperature for > 2.0 min in dark. The derivatized mixture was finally loaded to a 50-μL syringe for analysis on the flow-gated CE system. Note that the 50-μL mixture nominally contained 2.5-fold diluted urine, 20-mM tetraborate, 40-μM IS, 10-mM EDTA, 20.0-mM OPA, and 4.0-mM NBD-F, if not otherwise stated, and the standard additions indicate the final concentrations in a 50-μL mixture.
The concentrations of the prolyl compounds in urine were calculated by using Eq. 1 as follows.
where R 0 and R 1 represent peak height ratios relative to the IS for without and with standard additions, respectively; C a and C x indicate the concentrations of the standard addition and the original in urine, respectively; and the factor 2.5 comes from the 2.5-fold dilution of the urine sample during the fluorogenic derivatization.
Hydrolysis and analysis of urine samples
The hydrolysis of urine samples followed the reported protocol with modification [18, 19] . Briefly, a clean vacuum hydrolysis tube (1 mL) purchased from ThermoFisher Scientific (OK, USA) was loaded with 0.50-mL urine sample and 0.50-mL concentrated hydrochloric acid (12.1 M). The tube was then filled with nitrogen gas by vacuuming for five times, and then was kept at 110-120°C for 20 h. The mixture was transferred to a 50-mL volume flask; 0.32 g of Na 2 CO 3 was then added to neutralize the acid; and finally, it was diluted to the flask mark with DI water. The resulting mixture had 100-fold dilution of the original 0.50-mL urine sample. Pro-Leu at 2.0 μM was used as the internal standard, and the total Pro and Hyp were determined with capillary zone electrophoresis by using the conditions stated in the BExperimental procedureŝ ection.
Results and discussion
Separation optimization
Major prolyl compounds existing in human urine include Pro-Hyp, Pro-Pro, Pro-Gly, Pro-Leu, Hyp, and Pro as reported [14, 15] . Their NBD-F derivatives carry a carboxyl group showing a single charge on each molecule. Standards of the six prolyl compounds were derivatized with 4.0-mM NBD-F in 50-mM tetraborate (pH 9.2) plus 10-mM EDTA for removing Ca 2+ and Mg 2+ , and the separation was performed using various BGE components. As shown in Fig. 1a , the six derivatives migrated in a narrow time range in capillary zone electrophoresis with the BGE of 40-mM tetraborate (pH 9.2); Pro-Hyp, Pro-Pro, and Pro-Leu could not be baseline-resolved. To improve the separation, MEKC based on the combination of cholate and deoxycholate was optimized as shown in Fig. 1b deoxycholate were used to adjust the hydrophobicity of BGE, which effected the resolving capability. As can be seen, cholate and deoxycholate mainly influenced the relative locations of Pro-Pro and Pro-Leu along the time axis presumably due to their relatively higher hydrophobicity. The optimum conditions were selected to be 40-mM cholate and 40-mM deoxycholate in 40-mM tetraborate that were able to resolve the six derivatives as shown in Fig. 1d . As noted, peak 7, an unknown peak besides NBD-OH from NBD-F hydrolysis, significantly shifted due to its strong interaction with surfactants/micelles.
Blocking of primary amines with OPA
There exists a large amount of amino acids and other primary amines in the urine and blood plasma [39] . These amines will also be derivatized together with secondary amines by NBD-F thus complicating the electropherogram [32] . To selectively derivatize prolyl compounds, OPA and 2-mercapoethanol (OPA/2-ME) have been used to convert these primary amines to tertiary amines, which block their reaction with the derivatizing reagents such as phenylisothiocyanate (PITC) and 4-chloro-7-nitrobenzofurazan (NBD-Cl) [14, 40, 41] . Similar to NBD-Cl, NBD-F is able to derivatize primary and secondary amines; therefore, the blocking of primary amines by using OPA or OPA/2-ME can significantly clean the electropherogram after electrophoretic separations. Figure 2 shows the comparison of the blocking effect of OPA on standard primary amines. OPA of 20 mM (25-fold of the total concentration of primary amines) at room temperature efficiently removed Gly and GABA by > 97%, and a higher temperature of 50°C promoted the reaction, which removed > 99% of these primary amines. Therefore, OPA at 20 mM was employed to block primary amines at 50°C for 3 min.
The OPA blocking of primary amines in urine samples was similarly investigated by using the separation buffer of tetraborate (pH 9.2), cholate, and deoxycholate at 40 mM each. As shown in Fig. 3a , numerous large and small peaks were observed when no OPA was used to block primary amines, which reacted with NBD-F to produce fluorescent derivatives. These peaks, although unidentified, were attributed to the primary amines including amino acids and small peptides existing in the urine [25, 32] , and the sizes of these peaks indicate their relative abundance in the urine sample. As comparison, Fig. 3b shows a typical clean electropherogram after OPA treatment to the urine sample. As can been seen, numerous large peaks and other noisy signals were removed. The blocking of primary amines by OPA is of great importance to electrophoretically resolve prolyl dipeptides from many other small peptides and primary amines which also migrate in the time range between Pro-Hyp and the IS as shown in Fig. 3a . Especially, small peptides have large chances to co-migrate with the prolyl compounds of interest, which proved to be challenging to completely resolve them otherwise. On the other hand, the blocking of primary amines allowed NBD-F to selectively derivatize secondary amines only, which might reduce the amount of NBD-F needed. As seen in Fig. 3 , NBD-F hydrolysis increased as indicated by the NBD-OH peak after OPA treatment of the urine sample due to the greater NBD-F concentration available in the derivatization mixture. However, OPA in urine samples produced a dark color, which was routinely removed by using Bond Elute C18 column [13, 15] . Figure 4a shows an image of the aqueous mixture obtained by mixing 20 μL of urine, 5-mM EDTA, and 20-mM OPA in 40-mM tetraborate buffer pH 9.2 (total volume 40 μL). The source of the dark color was unknown, but the extent of the darkness varied with urine samples, which indicates the concentrations of the color-originating chemical(s) are different for different urine samples. The dark color might hide some suspended solids although they were rarely observed at the outlet of the sample capillary (i.e., the one on the left in Fig. 4b ), and these rare flocculent suspensions might be flushed away by the gating flow without interruption of separations. Fortunately, the syringe or capillaries never got clogged by them, which allowed direct injection of the mixture into the separation capillary (i.e., the one on the right in Fig. 4b) for separations. Figure 4b shows the gap filling up by the dark mixture before a voltage was applied for sample injection, and Fig. 4c demonstrates uniform peak height ratios of Pro-Hyp relative to the IS with %RSD at 3.4 in 65 continuous injections. These results suggest that the removal of the dark color derivatives was not required when the flow-gated CE was used to perform the analysis.
Derivatization of prolyl compounds with NBD-F
Although NBD-F is widely used for fluorogenic derivatization of amines, the reaction conditions often require high temperatures at an extended duration, such as 80°C for 5 min [32] , to derivatize primary amines. Fortunately, proline carries an active hydrogen on the nitrogen atom; consequently, NBD-F derivatization of proline and prolyl compounds has favorable kinetics. For example, Dong et al. reported a zone-passing mode for rapid in-capillary derivatization of Pro and Hyp [17] at room temperature, which indicates the fast kinetics of the reaction between Pro/Hyp and NBD-F. To test the reaction kinetics, peak heights of Pro-Hyp and Hyp were monitored against the reaction time. Both peak heights reached the stable level at the first injection in 2 min at room temperature, which indicates the reaction was rapid. Therefore, > 2 min was used for the derivatization in the following experiments. Table 1 . As can be seen, the responses were of good linearity (R 2 > 0.997) in the studied concentration ranges of standard additions. The results indicate that the standard additions up to 10-fold of the concentrations of the prolyl compounds in the derivatization mixture could be employed for the one-point standard addition method.
The accuracy of the one-point standard addition method was validated by measuring the recovery of the spiked standards in the urine matrix. First, the concentrations of prolyl compounds in the urine sample were determined by using the one-point standard addition method; then the spiking of the standards were performed, and the total concentrations were similarly determined by using the one-point standard addition method. Note that spiking concentrations were 10.0 μM for Pro-Hyp and 1.0 μM for each of the other, and the standard additions were 80.0 μM for Pro-Hyp and 5.0 μM for each of the other. The calculations followed Eq. 1, and the determined concentrations of the spiking were the difference of the two concentrations: total − original. The recovery was then calculated by using the determined values divided by the spiked concentrations. As can be seen in Table 1 , all the prolyl compounds obtained good recovery rates, which validated the accuracy of the method for the quantitation of the prolyl compounds in urine.
The limits of detection (LODs) for standard analytes were estimated under the optimized conditions, and the results are summarized in Table 1 . As can been seen, the LODs for prolyl dipeptides at S/N = 3 were around 20 nM, while the LODs for Hyp and Pro were 70 and 55 nM, respectively. The difference was presumably attributed to the variations of the optimal excitation/emission wavelengths for dipeptides and amino acids, while the present excitation (491 nm) and emission filters used on the custom-built instrument were fixed.
Determination of prolyl compounds in urine samples
As the application of the method presented above, three urine samples donated by three healthy volunteers were analyzed using the optimal conditions. The urine samples were collected in 20-mL vials and were analyzed immediately in 10 min. The one-point standard addition method was used to perform the measurements, and 40-μM nipecotic acid was used as the IS. The standard additions were 20.0 μM for Pro-Hyp and 2.0 μM for each of the other. The comparison of typical electropherograms without and with standard additions is shown in Fig. 5 , and the results are summarized in Table 2 . As can been seen, Pro-Hyp predominated in the prolyl compounds in all urine samples; free Pro had comparable levels to free Hyp; and Pro-Pro, Pro-Gly, and Pro-Leu existed at sub-micromolar levels in the urine samples. These results agreed with reported values [15] . However, the reference [14] obtained much higher concentrations of Pro than Pro-Hyp in adult urine samples for unknown reasons, which is abnormal. It should be noted that the levels of prolyl compounds in urine vary from person-to-person and from time-to-time for the same person [8, 42] . It should also be addressed that Pro-Hyp in 24-h urine has been proposed as a potential bone marker in osteoporosis [8, 11] , and the present method can rapidly and accurately determine its concentrations in urine.
Determination of total Hyp and Pro in hydrolyzed urine samples
The separation of Hyp and Pro was performed by capillary zone electrophoresis using 40-mM tetraborate (pH 9.2) as the separation buffer. As shown in Fig. 6a , Pro and Hyp were separated in 30 s with a clean baseline after OPA treatment. On the other hand, Fig. 6b shows numerous extra peaks if without OPA treatment, which were attributed to amino acids with primary amines in the hydrolyzed mixture. However, these peaks were separated from Pro and Hyp thus would not interfere with the detection of Pro and Hyp. The concentrations of Pro and Hyp were determined by using one-point standard addition method with standard additions of Pro and Hyp at 2.0 μM each. The determined results for three urine samples were summarized in Table 2 . As can be seen, the total Hyp and Pro were in the ranges of 169 ± 42 and 376 ± 94 μM, respectively, and Pro-Hyp in each urine samples took about (55 ± 11)% of the total Hyp in each urine sample. These results agree well with the reported values [15] . However, the present method has advantages including rapid separations in 30 s and direct analysis without drying up or desalting.
Conclusions
This paper reports a simple, rapid, and reliable method for the determination of free prolyl compounds in unhydrolyzed urine samples. The inherent advantages of flow-gated CE facilitated a significantly simplified procedure for accurate measurements of prolyl dipeptides, Hyp, and Pro. The present method addresses four important issues associated with previously reported methods. First, no thiol was used for OPA blocking of primary amines before NBD-F derivatization of secondary amines. Second, no cleanup was required after OPA treatment of unhydrolyzed urine samples; thus, the derivatized sample could be directly injected and separated using flow-gated CE, which avoided the tedious cleanup procedure and thus reduced potential analyte loss. Third, the rapid separations of the six prolyl compounds were obtained in 30 s, more than 60-fold faster than the HPLC method [15] , which could facilitate the analytical throughput. Fourth, hydrolyzed urine samples at 100-fold dilution were analyzed directly; no drying up or desalting was required thanks to the matrix tolerance of flow-gated CE. The reported method would be useful to the rapid analysis of free prolyl compounds in unhydrolyzed urine as well as the total Hyp and Pro in hydrolyzed urine samples. The platform and technique are also expected to be valuable for the determination of prolyl compounds in a range of samples after appropriate sample preparation [43] [44] [45] .
